The lasting effects of neuronal activity on brain development involve calcium-dependent gene expression. Using a strategy called transactivator trap, we cloned a calcium-responsive transactivator called CREST (for calcium-responsive transactivator). CREST is a SYT-related nuclear protein that interacts with adenosine 3Ј,5Ј-monophosphate (cAMP) response elementbinding protein (CREB)-binding protein (CBP) and is expressed in the developing brain. Mice that have a targeted disruption of the crest gene are viable but display defects in cortical and hippocampal dendrite development. Cortical neurons from crest mutant mice are compromised in calciumdependent dendritic growth. Thus, calcium activation of CREST-mediated transcription helps regulate neuronal morphogenesis.
Neuronal activity influences many aspects of central nervous system development, including cell survival, axonal and dendritic remodeling, and synaptic plasticity (1) . Most of these effects are mediated by calcium signaling (2) . The acute effects of calcium influx, such as the rapid change in synaptic transmission that accompanies synaptic plasticity, are mediated by posttranslational modifications of proteins that are already present in the cell. In contrast, many of the long-term effects of calcium signaling, such as activity-dependent dendritic growth, long-term plasticity in sensory systems, and memory consolidation, involve calcium-dependent transcription (2) (3) (4) . To identify calcium-regulated transcription factors in cortical neurons, we developed a new strategy called transactivator trap. Here, we describe the cloning and functional characterization of one of these genes, called CREST. CREST is a CBP-interacting protein that plays a central role in regulating development of cortical dendrites.
Transactivator trap: A strategy to clone calcium-activated transcription factors. Transactivator trap takes advantage of the modular nature of transcription factors in that their transactivation domain can often function separately from their DNA binding domains (DBDs) (5, 6) . For example, transactivation domains fused to the DBD of the yeast GAL4 transcription factor can induce expression of a reporter gene driven by the yeast upstream activating sequence (UAS) (7, 8) . We reasoned that if we generated a cDNA library in which cDNAs were fused to the GAL4 DBD and transfected pools of this GAL4-cDNA library along with a UAS-driven reporter gene into neurons, then the GAL4-cDNA plasmids should be translated as fusion proteins in the transfected cell and targeted to the UAS site of the reporter. Under most conditions, we would not expect any reporter activity, because most cDNAs do not encode transcription factors. However, if the cDNA that is fused to GAL4 encodes a calcium-activated transcription factor, then there should be no reporter activity in unstimulated cells, but the reporter should be expressed after calcium stimulation (Fig. 1, A and B) .
To identify calcium-regulated transcription factors expressed in the developing brain, we generated a GAL4-cDNA library from the cerebral cortex of postnatal day 1 (P1) rats (7, 8) . We screened 200 pools of 1000 cDNA each by transfecting them along with the UAS-chloramphenicol acetyltransferase (CAT) reporter into duplicate wells containing embryonic day 18 (E18) rat cortical neurons at 3 to 5 days in vitro (DIV) (9, 10) . In the absence of stimulation, virtually all pools were devoid of expression of the CAT reporter. After depolarization by KCl, which induces calcium influx through voltage-sensitive calcium channels (VSCCs), 15 pools showed strong calcium inducibility (Fig. 1, A to C) . Each of these pools is predicted to contain at least one cDNA that encodes a putative calcium-induced transactivator. The fact that we found very few CAT-positive cells in unstimulated cultures (although the li- 
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We used two methods to reduce these pools to single cDNAs. In the first method, a positive pool was divided into smaller pools and transfected with the UAS-CAT reporter into cortical neurons for a second round of screening. This process was repeated until a single cDNA was identified. In the second method, a positive pool from the first round of screening was transfected along with the UAS-yellow fluorescent protein (YFP) reporter for a second round of screening. After stimulation, individual YFP-positive cells were retrieved with a micropipette. DNA isolated from these cells was directly transformed into bacteria, and plasmid DNA from individual bacterial clones was tested for transactivation. So far, we have used the transactivator trap approach to identify four genes that encode putative calcium-regulated transactivators. They include a basic helixloop-helix protein (Neuro-D2), two Lin-11 Isl-1 Mec-3 proteins (LMO-2 and LMO-4), and a previously unknown protein related to the transcription coactivator SYT (11) . Here, we describe the characterization of the SYTrelated protein, CREST.
Characterization of the crest gene and CREST-mediated transcription. The crest transcript has an estimated size of 4.5 kb and contains an open reading frame of 1206 base pairs that begins with the first methionine codon within a Kozak consensus sequence and is followed by a polyadenylation signal at the end. This open reading frame encodes a 402-amino acid protein, which is most homologous (54% amino acid identity) to the SYT proto-oncogene (Fig. 1D) . Mutations in SYT, which is a transcription coactivator, are linked to the occurrence of synovial sarcoma (11) (12) (13) (14) . SYT interacts with p300 and has been implicated in the control of cell adhesion (15) . Sequence comparison with SYT indicates that CREST has an N-terminal autoregulatory domain, an internal methionine-rich region thought to be involved in protein-protein interaction, and a C-terminal transactivation domain (fig. S1). We have identified members of the CREST/SYT family in the worm, fly, rodent, and human (Fig. 1E) .
We examined the calcium dependence of CREST-mediated transcription by transfecting cortical neurons with GAL4-CREST and UAS-CAT and stimulating cells under different conditions. The cultures were depolarized with increased extracellular KCl (to activate VSCCs) or stimulated with glutamate to induce calcium influx. Depolarization-induced CREST-mediated transcription was largely inhibited by the VSCC blocker nifedipine and by the calcium chelater EGTA but not by the N-methyl-Daspartate (NMDA) antagonist D,L-2-amino-5-phosphonovaleric acid (APV) ( Fig. 2A) , indicating that membrane depolarization leads to CREST-mediated transcription by calcium influx by means of VSCCs. Stimulation with the neurotransmitter glutamate also induced CREST-mediated transcription. Glutamate-induced transcription was inhibited by APV and EGTA but not by nifedipine, suggesting that calcium influx by means of NMDA receptors is required for glutamate-induced CREST-mediated transcription ( Fig. 2A ). These observations indicate that calcium influx by means of VSCCs as well as NMDA receptors can induce CREST-mediated transcription.
To identify the domains of CREST that contribute to calcium-responsiveness, we examined the effects of various deletions on CREST-mediated transcription ( 
R E S E A R C H A R T I C L E S
9 JANUARY 2004 VOL 303 SCIENCE www.sciencemag.org led to an increase in transactivation in unstimulated neurons but did not affect the level of transactivation seen after stimulation (Fig. 2C ). In contrast, C-terminal deletions did not affect transactivation in unstimulated cells but markedly attenuated calcium-induced transactivation. A deletion of the last nine amino acids (393 to 402) led to a 50% decrease in depolarizationinduced transactivation, whereas a deletion that removed the last 135 amino acids completely abolished inducible transactivation. Therefore, both the N-and C-terminal domains contribute to CREST-mediated transcription; the N-terminal domain is required for suppressing transactivation in the basal state, and the C-terminal domain is required for calcium-induced transactivation.
Association of CREST with CBP. The CREST-related protein SYT has been reported to interact with the histone acetyl transferase p300 (15) . To determine whether CREST could also interact with p300, or the p300-related protein CBP (16) (17) (18) (19) , we transfected 293 cells with tagged proteins. Myc-CREST could be co-precipitated with both CBP and p300 (Fig. 2D) . In vitro pulldown assays with purified bacterially expressed T7-CREST and glutathione Stransferase (GST)-CBP indicated that CREST can directly bind to CBP (Fig. 2E ). Deletion analysis indicated that CREST binds to the N terminus of CBP (Fig. 2F) .
To identify the domain of CREST that mediates the interaction with CBP, we cloned CREST deletion constructs into the Myc-PRK5 vector (Fig. 2B) . Each of the constructs was transfected into 293 cells together with hemagglutinin (HA)-tagged CBP. Immunoprecipitation with anti-HA followed by anti-Myc Western blots revealed that Nterminal deletions have no effect, but the deletion of only nine amino acids at the C terminus of CREST abolishes association with CBP (Fig. 2F) . Thus, the C terminus of CREST acts as a CBP-binding domain. The C terminus deletion reduces calcium-induced transactivation by 50% (Fig. 2C) , suggesting that the interaction with CBP contributes to CREST-mediated transcription.
Expression of CREST in the developing brain. To identify regions of the brain where CREST may function, we examined the expression of CREST with Northern blot and in situ hybridization analysis. Northern blot analysis of different adult rat tissues indicated that the expression of CREST is relatively enriched in the brain but is also present in the heart, liver, kidney, and testis (Fig. 3A) . In the developing cerebral cortex, crest message is detected as early as E18, and expression reaches its peak at P1, declines after P10, and remains at a relatively low level throughout adulthood (Fig. 3B) . In situ hybridization studies 
www.sciencemag.org SCIENCE VOL 303 9 JANUARY 2004 revealed that at E18 crest mRNA is expressed in the forebrain, midbrain, and hindbrain (Fig. 3C) . Within the forebrain, crest is expressed in postmitotic cells of the cortical plate, and not in proliferating neuroblasts in the ventricular zone (Fig. 3C) . At this stage, crest mRNA could also be detected in other structures of central and peripheral nervous systems, including the trigeminal ganglion, superior cervical ganglion, retina, and olfactory epithelium (Fig.  3C) (20) . Within the brain, crest expression decreases through development but continues to be expressed at high levels in the olfactory bulb, hippocampus, and cerebellum into adulthood (Fig. 3, D to F) .
To investigate the distribution of CREST protein in the brain, we generated polyclonal antibodies to a full-length CREST protein. In rat brain extracts, this antibody recognizes a single band at about 55 kD, which comigrates with recombinant CREST expressed in 293T cells (Fig. 3G) . Consistent with the Northern blot analysis, Western blots of whole-brain extracts indicate that CREST expression is developmentally regulated (Fig. 3G) . Expression in the cortex is high at birth and declines substantially by P20 (Fig. 3G) . Immunohistological analysis showed that at P7 CREST is expressed in all cortical layers, and in the hippocampus, expression is high in the cell body layers of all subdivisions (Fig. 3, H and I) . In the cerebellum, expression is restricted to the internal and external granule layers, indicating that CREST is expressed principally by granule cells (Fig.  3J) . Immunofluorescence analysis of E18 cortical cultures at 5 DIV indicated that 
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Functional analysis of CREST through gene targeting. The expression pattern and calcium activation properties of CREST suggest that it is likely to be involved in regulating aspects of nervous system development. To identify the specific function of CREST in vivo, we generated mice that have a targeted disruption of the crest gene. In the targeting vector we eliminated exon 4 and part of exon 5 to eliminate the transactivation domain (Fig. 4A) . Even if an alternate message were generated by skipping exons 4 and 5, sequences downstream of exon 5 would be frame-shifted to create a nonsense mutation. To generate crest knockout mice, transfected embryonic stem (ES) cells were screened for homologous recombination by Southern blotting. Correctly targeted ES cell clones were used to generate chimeras, which were used in subsequent crosses to obtain homozygous mutant mice (Fig. 4, B and C) .
To evaluate the effect of gene targeting on crest expression, we carried out reverse transcription polymerase chain reaction (RT-PCR) and Western blot analysis on cortical extracts. RT-PCR with exon-specific primers revealed the presence of RNA that contained exons 1 and 3 but not exon 4 (Fig. 4D) . Western blot analysis showed that there is no detectable full-length or truncated CREST protein in homozygous targeted mice (Fig.  4E) (20) . The homozygous crest mutant mice are therefore likely to be null, although it is difficult to formally rule out the possibility that a short N-terminal fragment is expressed (encoded by exons 2 and 3, about 5 kD) below detection limits.
crest mutant mice are born in expected Mendelian ratio and are indistinguishable from littermates at birth. As they develop further, crest mutant mice are somewhat smaller than littermates and show coordination defects. There is increased mortality in crest mutant mice beginning at about P14, and about 80% of the mutants die by P28. Less than 20% of crest mutants survive to adulthood, and they are infertile.
Immunofluorescence analysis of cortical sections from wild-type and crest mutant mice with antibodies to neuronal protein [microtubule-associated protein 2 (MAP2), Neu-N] and glial fibrillary acidic protein (GFAP) revealed no qualitative differences in the expression of neuronal and glial antigens in mice of the two genotypes ( fig. S2 ). Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling staining did not reveal substantial differences between control and crest mutant animals, suggesting that the lack of CREST does not lead to a substantial increase in cell death (fig. S2 ). The main difference between wildtype and crest mutant brains was that the overall size of the cortex and cerebellum was reduced in crest mutant mice ( fig. S2) .
Much of the growth of the brain during the early postnatal period reflects increases in dendritic arborization, which is regulated in part by calcium-dependent transcription (21) . Dendritic growth and branching was greatly compromised in the crest mutant mice that were analyzed at P7 (Fig. 5, A to  J) . Although the orientation of apical dendrites was unaffected, the total dendritic length in both cortical layer 5 and hippocampal CA3 neurons was reduced by between 50 and 80%. There was also a marked decrease in dendritic branching in cortical neurons from crest mutant mice (Fig. 5E) . Thus, one of the main consequences of the loss of CREST function is decreased dendritic growth and branching.
To determine if CREST function was necessary for calcium-induced dendritic growth, we examined whether depolarization-induced dendritic growth was compromised in crest mutant cells. crest mutant cells in culture had well-differentiated dendrites, and the total dendritic length was comparable between wild-type and crest mutant cells in unstimulated cultures. Depolarization induced a robust increase in dendritic length in control neurons but not in crest mutant neurons (Fig.  5, K to O) . Depolarization-induced dendritic growth could be restored in crest mutant mice by transfecting a full-length crest plasmid, indicating that crest can act cell autonomously to regulate dendritic growth (Fig. 5O) . Branch point analysis and Sholl analysis also revealed defects in depolarization-induced branching in cortical neurons from crest mutant mice (Fig. 5, P to S) . These, too, could be rescued by transfecting crest cDNA. Thus, CREST function is required for calcium-dependent dendritic growth and branching in cortical neurons.
Discussion. The transactivator trap screen can be used to clone transcriptional activators regulated by any extracellular or intracellular signal. We used the screen to clone several calcium-activated transactivators in cortical neurons, including CREST. Although the mechanism by which CREST regulates transcription is not known, the interaction with CBP is of interest given previous studies implicating CBP in calcium-dependent transcription (22) (23) (24) . We have also found that CREST interacts with the chromatin remodeling proteins BAF250 and BRG-1 (25) . These interactions suggest that the CREST complex may regulate transcription by means of calcium-dependent modification of chromatin structure. Because CBP is known to interact with several DNA binding proteins, it is possible that the CREST-CBP-BAG250/ BRG-1 complex gets recruited to specific promoters by CBP.
Our experiments suggest that activation of CREST is part of the mechanisms by which calcium signaling regulates dendritic development during early postnatal development. We have previously shown that CREB function is required for calciuminduced dendritic growth (21) , and the present findings provide further evidence for the involvement of calcium-regulated transcription in regulating dendritic development. We find that calcium influx by means of NMDA receptors as well as VSCCs can activate CREST-mediated transcription, suggesting that CREST-mediated transcription can be regulated by synaptic activity. Although neurons are active throughout life, patterns of activity are coupled to growth control only during certain times in development. The transient expression of CREST in the cortex may provide a mechanism to couple activity to growth control only during certain developmental periods. In tissues, such as the hippocampus, where CREST continues to be expressed in the adult, the protein may serve a different function. Given the requirement for gene expression in many forms of plasticity, it is possible that CREST-dependent transcription also contributes to learning and memory. C production in the atmosphere, as well as the distribution of 14 C among the active global carbon reservoirs (1). To account for such changes, radiocarbon age determinations must be calibrated against independent estimates of calendar age, but existing calibration data sets often lack temporal range and/or resolution. The current standard calibration, Intcal98 (2), extends at high resolution back to just ϳ14,600 calendar years before the present (14.6 cal. ka B.P.) on the basis of annual tree rings (3) and varved (annually layered) marine sediments (4) . Paired 14 C and U/Th ages on corals (5) provide additional calibration points back to ϳ40 cal. ka B.P., but at much lower resolution. Varved lake sediments (6), U/Th ages on speleothems (7) and lake sediments (8) , and marine sediments correlated to Greenland ice core chronologies (9, 10) have also been used to constrain calibration and initial 14 C activity [expressed as ⌬ 14 C (11)] beyond the range of Intcal98. In many cases, these records suggest that extremely large and rapid shifts in ⌬ 14 C have occurred; however, these records also show disagreements before ϳ25 cal. ka B.P. that are as large as the reconstructed anomalies. Thus, considerable uncertainty remains in calibrating the older half of the 14 C time scale. Here, we present a calibration and reconstruction of ⌬ 14 C back to 50 cal. ka B.P. on the basis of the correlation of 14 C data from Cariaco Basin sediments with the annual-layer time scale of the GISP2 Greenland ice core (12) . Similarity between reconstructed ⌬ 14 C and variations in 14 C production rate estimated from independent paleomagnetic and geochronologic data suggests that the calibration and ⌬
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C reconstruction are accurate despite the lack of in situ calendric age control. C measurements for the interval from ϳ15 to 10 cal. ka B.P. based on our prior studies of nearby Cariaco Basin sediment piston cores (4, 13) . AMS 14 C target preparation and measurement was conducted at three different institutions: Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory (CAMS-LLNL) (n ϭ 127), Laboratory for AMS Radiocarbon Preparation and Research at University of Colorado, Boulder, and National Ocean Sciences AMS at WHOI (NSRL-NOSAMS) (n ϭ 118), and the Keck CCAMS Facility at University of California, Irvine (n ϭ 35) ( Fig. 1 and table S1 ) (14) . A constant 420-year marine reservoir age correction (difference between 14 C ages of surface water and atmosphere) was applied to all 14 C ages, in accordance with prior studies demonstrating that the local Cariaco Basin reservoir age has varied little, even when climate conditions and forcings have changed dramatically (14) .
The initial 14 C chronology for hole 1002D showed a large age reversal from 14 to 14.5 meters below the sea floor (mbsf) (Fig. 1) , in association with the boundary between successive 10-m core sections. We therefore performed additional measurements across the equivalent interval in adjacent hole 1002E, which was drilled in offsetting fashion. Magnetic susceptibility records were used to identify the disturbed section in 1002D and to align the two holes ( fig. S1 ). The 14 C dates for undisturbed sections in both holes agree closely, but results from hole 1002E do not display a large age reversal (Fig. 1, inset) and were thus used to bridge the disturbed section.
Calendar age chronology. Our prior studies of Cariaco Basin sediments made use of annual varve counts to compare timing of abrupt changes in upwelling proxies to calendrically
